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Recovery from release of ureteral obstruction in the rat: Rela- Congenital obstructive nephropathy comprises a ma-
tionship to nephrogenesis. jor cause of renal insufficiency in infants and children
Background. Obstructive nephropathy is a major cause of re- [1, 2]. At the present time, there is considerable contro-
nal insufficiency in infants and children. Despite release of uni-
versy regarding the timing and even the indications forlateral ureteral obstruction (UUO) in the first five days of life
surgical relief of unilateral ureteropelvic junction ob-in the rat, renal growth is impaired, while glomerular filtration
struction. There remains a poor understanding of therate (GFR) is preserved at one month, but decreases markedly
by one year. To test the hypothesis that renal recovery from natural history of congenital ureteral obstruction: what
UUO depends on the stage of nephrogenesis at the time of is the evolution of the lesion from fetal life to adulthood,
relief of obstruction, renal recovery from relief of five days and what is the critical period of susceptibility of theUUO following completion of nephrogenesis (days 14 to 19)
developing kidney to ongoing urinary tract obstruction?was compared with UUO during nephrogenesis (days 1 to 5).
In an attempt to answer some of these questions, weMethods. Rats underwent UUO or sham operation at one
day of age, with relief five days later. In additional groups of have developed a model of chronic unilateral ureteral
neonatal rats, the operation was at 14 days, with relief at 19 obstruction (UUO) in the neonatal rat. Unlike the hu-
days. Three months later, blood pressure, GFR, urine flow, man, in whom nephrogenesis is complete before birth,
sodium and potassium excretion, and kidney weight were mea- only 10% of nephrons are formed at birth in the rat,sured. In addition, the number of glomeruli, glomerular matu-
with the remainder developing in the first postnatal weekration, glomerular diameter, tubular atrophy, and interstitial
of life. Obstruction of the ureter from the first day offibrosis were determined in each kidney. The effects of five-
day UUO on number of glomeruli was determined also in adult life slows renal growth, associated with a profound reduc-
rats one month following relief of obstruction. tion in the number of nephrons, and delayed develop-
Results. Three months following relief of UUO during days ment of the renal vasculature, glomeruli, tubules, and
14 to 19, renal growth was decreased by 50%, compared to a
interstitium [3, 4]. In addition, there is a progressive30% reduction following relief of UUO during days 1 to 5 (P
interstitial fibrosis associated with a proliferation of in-0.05). The number of glomeruli was reduced by approximately
terstitial fibroblasts [5].50% regardless of the timing of UUO, but glomerular size was
reduced only in rats with UUO from days 14 to 19. Blood More recently, we have demonstrated that relief of
pressure and tubular atrophy were increased, and GFR, urine the obstruction after two to five days permits recovery
flow, sodium and potassium excretion were decreased in the of renal structure and function. One month following
postobstructed kidney of both neonatal groups. In the adult
the relief of obstruction, the impairment of growth ofrat, the five-day UUO did not result in a decrease in the number
the postobstructed kidney is directly related to the dura-of glomeruli.
Conclusions. In the period immediately following nephro- tion of obstruction [6]. One month following relief of
genesis, the kidney is particularly susceptible to long-term in- five days of UUO, there remains a 40% reduction in
jury from temporary UUO. This suggests that a delay in relief the number of glomeruli, but glomerular filtration rate
of significant ureteral obstruction should be avoided if diag- (GFR) is normal [7]. Although the histologic changes ofnosed in the perinatal or neonatal period.
the kidney are significantly less severe than those of
animals with continuous obstruction for one month,
there is a persistent reduction in the tubular expressionKey words: glomerular filtration rate, kidney growth, hydronephrosis,
congenital obstructive nephropathy, tubular atrophy. of epidermal growth factor, and increased expression of
transforming growth factor-1 (TGF-1), clusterin, andReceived for publication January 11, 2001
vimentin, all of which are evidence of persistent tubularand in revised form December 10, 2001
Accepted for publication January 15, 2002 injury [7]. In view of these persistent changes, we postu-
lated that over time, ongoing hyperfiltration by re- 2002 by the International Society of Nephrology
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release, the rats were again anesthetized and the sheath
was removed. In an additional 26 rats, sham operation
or UUO was performed at 14 days of age, and the ob-
struction was similarly removed after five days (Fig. 1).
Three months after release of UUO, all rats were anes-
thetized with intraperitoneal sodium pentobarbital (65
mg/kg), and 0.85% sodium chloride containing 3H inulin
was infused in a jugular vein at 5 mL/kg/h as described
previously [7]. Mean arterial blood pressure was mea-
Fig. 1. Scheme showing experimental design in relation to nephrogen- sured from a cannula in a carotid artery. The ureters
esis in the rat (shown by dashed line). The duration of unilateral ureteral
were exposed through a midline abdominal incision,obstruction (UUO) is indicated by the shaded areas. UUO was surgi-
cally produced either at 1 day (UUO-1d) or at 14 days of age (UUO- measured at the level of the lower pole of the kidney,
14d), and was released after 5 days. Studies were performed three and cannulated with polyethylene catheters for urine
months later.
collection. At the time of study, peristalsis was seen to
pass across the region of prior obstruction. Following a
45-minute equilibration period, three 20-minute urine
collections were obtained from each kidney. Glomerularmaining nephrons would lead to a progressive loss of
filtration rate was calculated from the inulin clearance,function and further histologic deterioration. To test this
and urine sodium and potassium content were measuredhypothesis, rats were studied one year after relief of
by flame photometry.UUO present during the first five days of life. In these
In 20 additional 1-day-old and 14-day-old sham-oper-animals, the ultimate growth of the postobstructed kid-
ated and UUO-5-day relief rats, animals were sacrificedney was impaired, the number of glomeruli was reduced
by sodium pentobarbital injection, and kidneys were re-by 40%, and GFR was decreased by 80% [8]. Moreover,
moved for histologic study. Kidneys were fixed for 24glomerular sclerosis, tubular atrophy, and interstitial fi-
hours in 10% buffered formalin, embedded in paraffin,brosis were significantly increased not only in the postob-
and sectioned at 4 m as described previously [7]. Thestructed kidney, but also in the intact opposite kidney
total number of glomeruli per sagittal section and glo-[8]. We concluded from this study that although GFR
merular diameter were determined using periodic acid-is initially maintained in the postobstructed kidney by
Schiff (PAS)-stained sections, and atrophic tubules werehyperfiltration of remaining glomeruli, there is eventual
identified by thickened tubular basement membranes asloss of function due to progressive tubulointerstitial and
described previously [6, 7]. Relative interstitial fibrosisglomerular damage. Extending the analogy to children
was quantitated in sections stained with Masson’s tri-with severe ureteral obstruction, these results suggest
chrome stain using a point-counting method describedthat despite normal postoperative GFR in infancy, these
previously [6].patients should be followed into adulthood.
To determine the effects of varying duration of UUOThe results of these studies raise another issue of clini-
on the number of glomeruli per kidney in neonatal rats,cal relevance. In the human infant with UUO diagnosed
15 additional rats were subjected to UUO on the firstin utero, surgical intervention is delayed until the postna-
day of life, with release of obstruction two or three daystal period, at which time nephrogenesis is complete. We
later, and sacrificed a month after relief of obstruction.therefore wished to test the hypothesis that recovery
These were compared to previously reported results infrom temporary UUO depends on the stage of nephro-
sham-operated and neonatal rats subjected to UUO-5-genesis at the time of relief of obstruction. The present
day relief [7]. To determine the immediate effects of fivestudy was designed to compare the long-term renal func-
days of UUO on the number of glomeruli per kidney,tional and histologic effects of relief of UUO both during
13 additional rats were subjected to sham operation orthe period of nephrogenesis (postnatal days 1 to 5), and
UUO at 14 days of age, and were sacrificed five days later.immediately following nephrogenesis (postnatal days 14
Glomerular maturation of each glomerulus per field wasto 19; Fig. 1).
determined in UUO and sham-operated neonatal kid-
neys from day 14 and day 19 using the criteria of Niimura
METHODS et al [9]. Briefly, glomeruli were scored as immature, in-
Nineteen male Sprague-Dawley rats were sham-oper- termediate, or mature based on the number of capillary
ated or subjected to complete UUO under isoflurane loops and the phenotype of podocytes (cuboidal or flat-
anesthesia within the first day of life, with removal of tened). To determine the immediate and delayed effects
the obstruction after five days as described previously of five days of UUO on the number of glomeruli in adults,
[6]. Briefly, the left ureter was exposed through a flank nine male rats were subjected to sham operation or UUO
at six weeks of age, and were sacrificed five days later,incision, and encased in a Silastic sheath. On the day of
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Table 1. Characteristics of rats
Sham UUO Sham UUO
1 day 14 days
Body weight g 45414 44011 43210 45316
Left ureteral
diameter mm 1.000.03 1.110.05 1.040.08 1.000.03
Hematocrit % 501 481 511 501
Blood pressure
mm Hg 1166 1224a 1073 1226a
a P  0.05 vs. sham
while seven additional six-week-old rats were subjected
to sham operation or five days UUO followed by release,
and sacrificed one month later.
To validate our method of estimating relative glomer-
ular number per kidney, five additional neonatal rats
were subjected to transient UUO for days 1 to 5 as de-
Fig. 2. Photomicrographs of sagittal sections of representative rat kid-scribed above, and after 28 days of recovery, rats were
neys. For each pair, the left obstructed (UUO) kidney is above the
sacrificed and patency of the left ureter was confirmed. intact opposite kidney. (A) Neonate subjected to UUO at 1 day of age
and sacrificed 5 days later. (B) Neonate subjected to UUO at 14 daysBoth kidneys were fixed for 24 hours in 4% paraform-
of age and sacrificed 5 days later. (C) Adult subjected to UUO at 6
aldehyde, dehydrated, and embedded in paraffin. The weeks of age and sacrificed 5 days later. (D) Neonate subjected to
UUO at 1 day of age, released after 5 days, and sacrificed 3 monthsnumber of glomeruli was determined using the dissector
later. (E) Neonate subjected to UUO at 14 days of age, released aftertechnique [10, 11]. Briefly, this technique consists of a 5 days, and sacrificed 3 months later. Bar represents 5 mm.
three-dimensional counting rule using pairs of parallel
section planes. Kidneys were extensively sectioned at a
nominal thickness of 20 m. During sectioning, every
uli counted. To reduce the margin of error, a minimum of10th and 11th section (a section pair) were collected and
250 glomeruli per kidney was assessed. The first slice tomounted on slides, with the first collected pair being
be sampled was randomly chosen to be either one or two.chosen randomly. All sections were stained with PAS
stain. To ensure that the kidney sections were sampled Statistical analysis
in a systematic uniform way, an unbiased counting frame
Comparisons between 1-day and 14-day obstruction
was applied to the field of vision of the first microscope.
groups was made by two-way analysis of variance
To count glomeruli, corresponding areas of the two sec- (ANOVA), with the variables being the timing of ob-
tions were aligned. Glomeruli sampled by the unbiased struction and operative intervention. Comparisons be-
counting frame in the first section that were not present tween left and right kidneys were made using the Student
in the second section of the pair were counted. The t test for paired data. The relationship of the number of
number of grid points overlying all kidney sections was glomeruli to duration of obstruction was determined by
denoted Ps, while the number of points over complete linear regression analysis. Statistical significance was de-
sections was denoted Pf. Thus, the fraction of the kid- fined as P  0.05.
ney used to estimate glomerular number is determined
by Pf/Ps. An orthogonal grid was used to estimate the RESULTS
area of the kidney section used to count points overlying
As shown in Table 1, there was no effect of UUO onkidney sections and this allowed calculation of the frac-
body weight either for the 1- or 14-day UUO groups. Ure-tion of the section area [f(a)] used to count glomeruli.
teral diameter did not differ between UUO and intactThus, to estimate the total number of glomeruli in a
opposite sides for either the 1- or 14-day UUO groups,
kidney (NG), the following formula was used:
indicating no residual obstruction following relief of
UUO. Hematocrit also did not differ between groups.NG  10  (Ps/Pf)  1/f(a)  Q
As shown in Figure 2A, five days of UUO beginning at
where 10 is the inverse of the section sampling frac- 14 days of age resulted in massive cystic dilatation of
tion, Ps/Pf and 1/f(a) are the fraction of the total sec- the renal parenchyma. In contrast, five days of UUO in
the adult rat resulted in moderate pelvic dilation (Fig.tion area sampled, and Q is the actual number of glomer-
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Fig. 3. Morphometric data for neonatal rats subjected to sham-operation or unilateral ureteral obstruction (UUO). (A) Ratio of kidney to body
weight for each group. (B) Dry kidney weight for each group. (C) Glomerular diameter for each group. (D) Number of glomeruli per sagittal
section for each group. Bars represent mean  SE. Symbols are () left (UUO) kidney; ( ) right (intact opposite) kidney. *P  0.05 vs.
contralateral kidney; P  0.05 vs. UUO-1d; #P  0.05 vs. sham.
2B). Following three months of recovery from relief of month later (Fig. 4D). In no case did UUO result in an
increased number of glomeruli in the opposite kidney.UUO in the neonate, the postobstructed kidney was
smaller than the opposite kidney, with a greater impair- Using the disector technique, the right kidney con-
tained an average of 28,349  3,188 glomeruli, whereasment of growth for the UUO-14 day (50%) than the
UUO-1 day group (30%; Fig. 2 C, D, and Fig. 3 A, B). the left kidney (subjected to transient UUO) had an
average of only 15,624 2,364 glomeruli. The differenceThe changes in dry kidney weight paralleled those in wet
kidney weight, and the opposite kidney demonstrated between the right and left kidney was highly significant
(P  0.002; Fig. 5). On average, there was a 45% reduc-compensatory growth regardless of the timing of obstruc-
tion (Figs. 2 and 3). Glomerular diameter was not af- tion in the total number of glomeruli, ranging from 33%
to 62%. This reduction in glomerular number as assessedfected by temporary UUO from 1 to 5 days of age, but
UUO from 14 to 19 days resulted in a 23% reduction by stereological methods was very similar to that deter-
mined by counting glomeruli on a single mid-polar planarin glomerular diameter (Fig. 3C).
The number of glomeruli per kidney was reduced by section (40%).
As shown in Figure 6, increase in age of sham-operated40 to 50% as a result of five days of UUO beginning
either on day 1 or day 14 of life (Figs. 3D and 4A). There rats from 15 to 19 days resulted in a shift from less mature
(types I and II) to more mature glomeruli (type III; P was a significant correlation between the duration of
UUO and the reduction in number of glomeruli of the 0.01 by two-way ANOVA). Glomerular maturation was
delayed by UUO at both ages studied (P  0.01).postobstructed neonatal kidney (Fig. 4B). The reduction
in the number of glomeruli in the neonatal rat was appar- Recovery following five days of UUO in the neonatal
rat was associated with residual tubular atrophy in bothent at the end of five days of UUO from 14 to 19 days
of age (Fig. 4C). In contrast, there was no effect of five postobstructed groups, with a tendency for a greater
fraction of atrophic tubules in rats undergoing UUO atdays of UUO on the number of glomeruli in the adult
rat either at the end of the period of obstruction, or one 14 days compared to one day of age (Fig. 7A). The
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Fig. 4. Number of glomeruli per sagittal section. (A) The left ureter was sham-operated or ligated either at 1 day (UUO-1d) or at 14 days of age
(UUO-14d), and was released after 5 days. Studies were performed three months later. (B) On the first day of life, the left ureter was sham-
operated (0 days UUO), or was ligated for 2, 3, or 5 days, after which it was released. Studies were performed one month later. Linear regression
r  0.75, P  0.001. (C) The left ureter was sham-operated or ligated at 14 days of age, and studies were performed 5 days later (19 days of age).
(D) The left ureter was sham-operated or ligated in six week-old adult rats and studies were performed 5 days later (left panel), or the obstruction
was released after 5 days, and studies were performed one month later (right panel). Each symbol represents mean number for one animal: ()
sham-operated left kidney; () sham-operated right kidney; () UUO (left) kidney; () intact opposite (right) kidney.
effects of UUO on interstitial collagen distribution were period immediately following the completion of nephro-
similar to those on tubular atrophy, although the differ- genesis than during glomerulogenesis itself. We have
ences were not statistically significant (Fig. 7B). demonstrated previously that impaired renal growth due
After three months of recovery following relief of five to UUO is the result of multiple factors, including a
days of UUO in the neonatal rat, mean arterial blood reduction in cellular proliferation, an increase in renal
pressure was significantly increased (Table 1). GFR was tubular cell apoptosis, and progressive interstitial fibrosis
reduced by 50% in the UUO-1 day group, and by 70% [4, 7, 12]. In the present study, glomerular size was re-
in the UUO-14 day group (Fig. 8A). There was a ten- duced three months after relief of obstruction on days
dency for compensatory increase in contralateral GFR, 14 to 19, but not after relief of obstruction on days 1 to
but the differences were not statistically significant. 5. We have reported previously that UUO throughout
Urine flow, sodium and potassium excretion were dimin- the first month of life results in a decreased glomerular
ished in the postobstructed compared to the intact kidney volume, but that relief of UUO after days 1 to 5 does not
in both groups, and the intact kidney tended to increase, reduce glomerular volume one month following relief of
although not significantly different from sham-operated obstruction [7]. These findings suggest that glomerular
rats (Fig. 8 B-D). growth is particularly susceptible to UUO in the period
immediately following the completion of nephrogenesis.
DISCUSSION Three week-old rats subjected to UUO and studied three
to six weeks later have a highly activated tubuloglomeru-The major finding in the present study is that impair-
ment of renal growth by UUO is more severe in the lar feedback mechanism [13]. The smaller glomerular
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Fig. 6. Percent distribution of glomerular maturation scores for left
kidneys of neonatal rats subjected to sham operation or UUO from 14
to 19 days of age, and studied at 15 or 19 days of age. Data are mean 
Fig. 5. Number of glomeruli per kidney for paired left (UUO) and SE. Symbols are: () Type I (immature glomeruli); ( ) Type II (inter-
right (intact opposite; IO) kidneys of neonatal rats subjected to UUO mediate maturity); ( ) Type III (mature glomeruli).
from 1 to 5 days of age followed by relief of obstruction, and studied
after 28 days of recovery. To validate the methods used to estimate the
relative number of glomeruli per kidney by counting glomeruli in a
sagittal section (data in Fig. 4), an unbiased stereological method was
used to compute the total number of glomeruli per kidney. Lines connect teral obstruction in the one-day-old rat would generate
left and right kidneys of individual animals. relatively low intratubular pressures and axial strain on
tubular epithelial cells. In contrast, UUO in the 14-day-
old rat presumably leads to significantly greater intratu-
bular pressures and axial strain, therefore leading todiameter in this postobstructed group may therefore be
significantly more tubular apoptosis. It is therefore likelya consequence of greater ischemia. By obstructing the
that a major factor contributing to the greater impair-greater tubular fluid flow rate in the third compared to
ment in renal growth of the 14-day compared to thethe first postnatal week, UUO at this age may result in
1-day postobstructed kidney is the greater initial tubulargreater renal vasoconstriction due to greater tubulog-
fluid flow leading to greater intratubular pressures, more
lomerular feedback. The tendency for a greater reduc-
severe cell stretch, and stimulation of apoptosis. In a
tion in GFR of the postobstructed kidney in this group recent study, Nguyen et al reported that high urinary
also is consistent with this conclusion. Reduced urine flow rates decrease GFR in three week-old rats with
flow, sodium and potassium excretion by the postob- partial UUO [16]. These considerations then raise the
structed kidney was presumably secondary to the reduc- question as to why the adult kidney, with even greater
tion in GFR. GFR and tubular fluid flow rates, does not develop
Since the bulk of renal mass is comprised of the renal greater apoptosis and growth impairment [12]. One pos-
tubules, it is likely that the greater reduction in kidney sibility is that the proximal tubular reabsorptive rate is
weight in the 14 day compared to the 1 day postob- greater in young than in mature animals, and tubular
structed group is due primarily to greater tubular atrophy dysfunction due to obstruction may create greater tubu-
(Fig. 7A). Hydronephrotic tubular atrophy, in turn, is lar distention in the neonatal than the adult kidney
largely a consequence of renal tubular epithelial cell [17, 18]. Additionally, compliance of the tubule may de-
apoptosis [14]. In preliminary studies, we have found crease with maturation. Despite presumably similar in-
that tubular apoptosis following chronic UUO in the neo- tratubular hydrostatic pressures, tubular dilation varies
natal mouse is directly related to tubular dilation (ab- between adjacent tubular segments in the hydrone-
stract; Cachat et al, J Am Soc Nephrol 11:504A, 2000). phrotic neonatal mouse kidney (abstract; Cachat et al,
We also have demonstrated that apoptosis of tubular epi- J Am Soc Nephrol 11:504A, 2000).
thelial cells is stimulated by mechanical stretch, with the In the present study, rats were hypertensive at three
severity of apoptosis being directly dependent on the mag- months of age whether temporary UUO was in the first
nitude of stretch (abstract; Kiley et al, J Am Soc Nephrol or third week of life. Experimental UUO in dogs pro-
11:509A, 2000). We have shown previously that chronic duces hypertension in neonatal, but not in adult animals,
partial severe UUO in the neonatal guinea pig leads to and blood pressure is normalized by removal of the hy-
increased pressure in both distal and proximal tubules dronephrotic kidney [19]. Chronic partial UUO in the
[15]. Figure 9 illustrates that there are few filtering glo- neonatal guinea pig also induces hypertension, which
meruli in the one- and five-day-old kidney, whereas most can be normalized by angiotensin converting enzyme
glomeruli in the 14-day-old rat have mature capillary inhibition [20]. Although relief of UUO in the neonatal
guinea pig reduces the hypertension and renin contentloops. Due to the low GFR and tubular fluid flow, ure-
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Fig. 7. (A) Number of atrophic tubules per field for neonatal rats subjected to sham-operation or 5 days unilateral ureteral obstruction (UUO)
and studied 3 months later. (B) Relative area of renal interstitial collagen for neonatal rats subjected to sham-operation or unilateral ureteral
obstruction (UUO). Symbols are () left (UUO) kidney; ( ) right (intact opposite) kidney. *P  0.05 vs. contralateral kidney.
Fig. 8. Renal function of neonatal rats subjected to sham-operation or unilateral ureteral obstruction (UUO). (A) Glomerular filtration rate. (B)
Urine flow rate. (C) Urine sodium excretion (UNaV). (D) Urine potassium excretion (UKV). Symbols are () left (UUO) kidney; ( ) right (intact
opposite) kidney. *P  0.05 vs. contralateral kidney.
of the postobstructed kidney, the sensitivity of the vascu- blood pressure to the normal range [22]. Endothelin
has been implicated also in hypertension resulting fromlature to angiotensin II is increased further by relief of
obstruction [21]. We have recently provided evidence UUO in the young rat [23]. We reported previously that
one year following relief of five days UUO in the firstthat angiotensin cannot account for all of the increase
in blood pressure resulting from UUO. In the neonatal week of life, blood pressure is not increased [8]. It is
likely that increased vasoconstrictor release from themouse lacking functional angiotensinogen genes (and
consequently hypotensive), chronic UUO increases the postobstructed kidney is at least partly responsible for
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the increase in blood pressure at three months, and that
by one year, the ischemic regions have undergone pro-
gressive fibrosis, with a reduction in the production of
vasoconstrictors.
While we demonstrated in the present study that the
final number of nephrons is inversely related to the dura-
tion of UUO during the period of nephrogenesis, it is sur-
prising that there was a similar reduction in the number
of glomeruli (40%) when UUO occurred in the period
immediately following the completion of nephrogenesis
as during glomerulogenesis. Despite the completion of
nephrogenesis by 14 days of age, the lack of effect of
UUO on the number of glomeruli in the adult rat empha-
sizes the unique vulnerability of the maturing kidney
even after the completion of nephrogenesis. As shown
in Figure 6, even though nephrogenesis is complete, glo-
meruli undergo significant maturation during the critical
period of 15 to 19 days of age, and UUO delays this
normal maturational process. Only two days of UUO in
the fetal rabbit reduces the number of glomeruli by 30
to 40% postnatally [24]. However, UUO in the fetal
sheep produces a wide range in effects, from no effect
on nephron number to more than a 50% reduction in
dysgenetic kidneys [25, 26]. In the human, early fetal
urinary tract obstruction results in a reduced number of
nephrons, and the number of glomeruli can be related
to the time of developmental arrest [27]. Taken together,
these data suggest that the period of vulnerability of de-
veloping nephrons to urinary obstruction extends from the
period of nephrogenesis through subsequent maturation.
The factors determining the number of nephrons per
kidney are only now being elucidated. Much attention
has focused on the induction process of the ureteric bud
and metanephric blastema leading to branching. This
early process can be modulated by factors such as reti-
noic acid: a deficiency in retinoic acid can lead to a
permanent reduction in the number of nephrons [28]. A
later stage in nephrogenesis involves the conversion of
mesenchyme to epithelium, a process that can be dis-
rupted by the presence of cyclosporin A [29]. This latter
process requires developmental changes in extracellular
matrix composition, including the replacement of type
I and III collagens by type IV [29]. We have demon-
strated that UUO in the neonatal rat delays the matura-
tion of interstitial fibroblast phenotype [4]. As a result
of UUO, interstitial cells increase their expression of
collagens I and IV [30]. Altered postinductive processes,
such as the lack of conversion of a localized interstitial
matrix to a basement membrane-type matrix characteris-
tic of epithelium, also may contribute to the effects of
Fig. 9. Photomicrographs of renal cortex of normal neonatal rats, with UUO on the number of glomeruli, as described in therenal capsule at the top of each panel. (A) One day of age. There are
present study.only S-shaped bodies in the subcapsular region, with immature glomer-
uli deeper. Note the small diameter and few capillary loops of glomeruli. In the present study, using the unbiased stereologic
(B) Five days of age. Glomeruli are still small and immature. (C) disector technique (Fig. 5), we have validated the methodFourteen days of age. Glomeruli are larger, with many capillary loops.
of estimating the number of glomeruli per kidney based
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on analysis of sagittal sections (Fig. 4). The range of complete obstruction, particularly in diuretic states [32].
We have shown previously that the histologic and hemo-glomerular number in the intact right kidney (18,440 to
35,520) is similar to that reported for adult rats using dynamic consequences of severe partial UUO in the
neonatal guinea pig are similar to those in the developingthe same technique (25,960 to 36,109) [10]. Although
there was considerable inter-animal variability in the rat with complete UUO [7, 8, 33–35]. Tubular atrophy,
interstitial fibrosis, and glomerular sclerosis are alsoabsolute number of nephrons per kidney, for each pair
of kidneys studied, the number of glomeruli of the post- found in patients with UPJ obstruction [36, 37]. More-
over, alterations in the renal expression of growth factorsobstructed left kidney was less than that of the intact
opposite kidney. This suggests that urinary obstruction by UUO in the developing rat kidney [7, 38] are similar to
those reported for children with UPJ obstruction [39, 40].has an independent effect to reduce nephron number
regardless of the original nephron complement. Furthermore, alterations in growth factor expression by
the obstructed ovine fetal kidney [41] are similar to thoseA dramatic finding in the present study is the marked
reduction in glomeruli in the obstructed kidney at the of the neonatal rat kidney [38].
While UUO in our postnatal rat model cannot dupli-end of UUO from 14 to 19 days of age (Fig. 4C). Since
nephrogenesis is already complete before the ureter is cate the intrauterine environment of the human fetus
with UPJ obstruction, compensation by the contralateralobstructed, this implies a destruction of previously exist-
ing glomeruli. The most likely explanation is the massive kidney prevents the development of a uremic environ-
ment just as the placenta provides excretory function forcystic tubular dilation shown in Figure 2B. This appear-
ance is in marked contrast to that of the neonatal kidney the fetus. Complete UUO in the sheep fetus leads to
marked compensatory growth of the opposite kidneyobstructed days 1 to 5 (Fig. 2A), or the adult kidney at
the end of 5 days of UUO shown in Figure 2C, where [26], as demonstrated also in the neonatal rat model [6].
Since the timing of nephrogenesis of the neonatal ratthere is only pelvic dilation. In the neonate, the cysts
would be expected to compress neighboring nephrons during the first five days of life is similar to that of the
midtrimester human fetus, it could be argued that thesimilar to the proposed compression of nephrons in pro-
gressive polycystic kidney disease [31]. However, in the extrauterine environment of the rat pup would make
functional comparisons difficult. However, suckling ratcase of the adult kidney, a significantly reduced tubular
compliance would prevent cystic dilation, thereby explain- pups maintain urine osmolality of 250 to 450 mOsm
throughout the first ten days of life [42], and the medul-ing maintenance of normal nephron number (Fig. 4D).
In summary, following relief of UUO during postnatal lary anatomy does not mature until days 10 to 20 of life
[43–45]. Maturation of the medullary architecture is notdays 14 to 19, renal growth was impaired by 50%, while
following relief of UUO during days 1 to 5 the renal accelerated by alterations in osmotic intake [45]. In the
human fetus, urine flow is low between 20 and 30 weeksgrowth was diminished by only 30%. At the end of the
period of obstruction, the 19-day-old rat kidney con- gestation, and increases between 30 and 40 weeks [46].
For a given gestational age, urinary fractional sodiumtained numerous large cysts, glomerular maturation was
delayed, and the number of glomeruli was decreased excretion is markedly lower in the postnatal than fetal
infant, and urine flow rates are consequently much higherby 50%. Following a three-month recovery period, the
number of glomeruli remained decreased, and glomeru- in the fetus than in the neonate [46]. Assuming that
increased diuresis aggravates tubular stretch (and there-lar size was reduced compared to that of animals under-
going UUO on days 1 to 5. Blood pressure and tubular fore increases tubular apoptosis), it is possible that fetal
obstruction accelerates tubular injury compared to neo-atrophy were increased, and GFR, urine flow, sodium
and potassium excretion were decreased in both groups natal obstruction.
Over the past decade, some authors have advocatedof rats undergoing UUO in the neonatal period. Five
days of UUO in the adult rat did not result in a decrease a delay in the relief of UPJ obstruction in infants until
there is evidence of functional deterioration [47, 48].in the number of glomeruli. We conclude that immedi-
ately following nephrogenesis, the developing kidney is However, there is increasing evidence that delay in repair
of UPJ obstruction detected prenatally can result in pro-particularly susceptible to long-term injury from tempo-
rary ureteral obstruction. gressive injury and loss of renal function [49–53]. The
results of the present study provide experimental corrob-While there is always some risk in extrapolating from
animal studies to human congenital obstructive nephrop- oration for these clinical observations. Most important,
however, is the need for long-term follow-up of infantsathy, the results of our current study suggest that recov-
ery from UUO may be optimized when obstruction is with UPJ obstruction (even after pyeloplasty), as evolu-
tion of renal histological changes may involve glomerularreleased earlier in development. Although severe ure-
teropelvic junction (UPJ) obstruction is a form of partial, sclerosis as well as tubulointerstitial changes [51, 54, 55].
In a report of a case of two “en bloc” pediatric kidneysrather than complete obstruction as induced in the pres-
ent model, it is likely that patients undergo intermittent transplanted into an adult, one of the kidneys sustained
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